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A B S T R A C T
Purpose: Recently, a novel multi-model monitor has been available, which integrates real-time signals of
transcranial Doppler (TCD) and video-EEG (vEEG) into one workstation. We sought to test the feasibility
of this device in detecting neurovascular coupling in patients with epilepsy.
Method: Cerebral blood ﬂow velocity (CBFV) of bilateral middle cerebral arteries and vEEG during
seizure episodes were recorded simultaneously in 12 patients (age 17–58 years) with partial epilepsies.
The correlations between vEEG and CBFV ﬁndings were analyzed.
Results: Eleven seizure episodes were detected in 5 patients. Of them, bilateral CBFV increase with
interhemispheric asymmetry was observed in 4 seizure episodes of 3 patients. EEG abnormalities
preceded CBFV increase by 1–3 s at the onset of a seizure. In a patient with bilateral middle cerebral
artery stenosis, no apparent CBFV changes were detected during 2 of 3 seizure episodes. Another patient
with previous frontal hemorrhage displayed CBFV increase without interhemispheric asymmetry during
4 seizure episodes.
Conclusion: It is feasible to evaluate neurovascular coupling with good temporal correlation in patients
with frequent seizure episodes by real-time TCD-vEEG monitoring.
 2015 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.
Contents lists available at ScienceDirect
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It is known that epileptic discharges can evoke an increase of
cerebral blood ﬂow to meet the high metabolic demands due to
intense neuronal activities. Such neurovascular coupling can be
detected by the combination of electroencephalography (EEG) and
transcranial Doppler (TCD). In previous studies, the signals of TCD
and EEG were recorded by separate devices during seizure
episodes and correlated off-line [1,2]. Given the inconvenience
of detection, only patients with very high frequency of seizure
episodes (up to 60 times per day) or inducible seizures (such as
absence seizures) were studied. Recently, a novel multi-model
monitor has been available, which integrates real-time signals of
TCD and video-EEG (vEEG) into one workstation (NSD-8100, Delica
China). In current study, we sought to test the feasibility of this
device in evaluating epilepsy patients in routine clinical setting.* Corresponding author. Tel.: +86 10 69156372; fax: +86 10 69156372.
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2.1. Patients
Consecutive 12 patients with drug-resistant partial epilepsies
(age 17–58 years) were recruited from a presurgical evaluation
program. Drug-resistant epilepsy was deﬁnedas a failure ofadequate
trials of 2 (or more) tolerated, appropriately chosen, and appropri-
ately used antiepileptic drug regimens (whether administered as
monotherapy or in combination) to achieve freedom from seizures
[3]. Thorough inquiries of clinical details and history, complete
neurological examination, long term vEEG monitoring and brain MRI
were performed in all patients, in order to determine the diagnosis
based on 1989 ILAE report. After presurgical antiepileptic drugs
withdrawal, a seizure episode occurring at least once per day was
required. Patients with poor temporal windows were excluded. All
patients signed informed consent. The study was approved by the
ethics committee of Peking Union Medical College Hospital.
2.2. TCD-vEEG monitoring
The multi-model monitor (Fig. 1A) is comprised of display
system, EEG, video camera, and TCD. Patients were in supineserved.
Fig. 1. Illustrations of EEG and CBFV at complex partial seizure onset, secondary
generalized tonic-clonic seizure onset and during secondary generalized tonic-
clonic seizure in case 2. The components of the multi-model TCD-vEEG monitor are
showed in A and B. In the EEG interfaces, red arrowheads represent the EEG seizure
onsets while black arrowheads indicate the TCD seizure onsets (C and D).
Corresponding onsets are also labeled as 2 successive blue lines in the TCD
interfaces (C and D). During an episode of complex partial seizure, CBFV increased
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channel electroencephalograph with silver chloride scalp electro-
des placed according to the 10–20 system. Simultaneous TCD was
performed using 2 MHz pulsed-wave Doppler probes ﬁxed to each
temporal window by a helmet (Fig. 1B). The depth of acquiring
optimal middle cerebral artery signals was 50–60 mm from both
sides. A computer screen displayed video image, EEG and bilateral
TCD signals including automatically calculated CBFV and envelope
curve (Fig. e-1). All signals were recorded simultaneously during
monitoring.
It was reported that when repetitive stimulation of the motor
cortex produced muscle jerks similar to those occurring during
simple partial seizure, CBFV increased by less than10% [4].
Therefore the baseline CBFV was deﬁned when the mean velocities
had less than 10% variation for one minute before seizure onset.
The presence of abnormal CBFV changes was deﬁned if there was
more than 10% increase or decrease compared to baseline CBFV.
The recovery of CBFV was deﬁned when abnormal CBFV returned
to baseline and kept stable for one minute. Maximum CBFV was
deﬁned as the maximum mean velocity during a seizure episode.
Video recordings and EEG were reviewed by an epilepsy
specialist (Dr. Lu) to determine the seizure onset and ending.
Abnormal EEG onset was deﬁned as the ﬁrst EEG change within the
time of ﬁrst subjective or objective clinical change [5], and EEG
ending was deﬁned as when rhythmic or epileptiform discharges
were replaced by diffuse attenuation or slowing [6]. A monitoring
ended if (1) the subject recovered to normal conditions from a
seizure episode, or (2) the subject declined further monitoring.
3. Results
Eleven seizure episodes were detected in 5 of 12 patients. All of
the 5 patients had stable and sufﬁcient CBFV signals during
monitoring (mean monitoring time, 103.8  93.0 min). Table 1 and
Table e-1 summarize the clinical and monitoring data, respectively.
In case 1–3, four seizure episodes were detected, including one
simple partial seizure, two complex partial seizures and one
secondary generalized tonic-clonic seizure. Bilateral CBFV
increases were detected in all these episodes. In addition, CBFV
increases were always greater on the onset side than the
contralateral side (19–184% higher) except for secondary general-
ized tonic-clonic seizure. The changes of CBFV started 1–3 s after
EEG onset in case 1 and 2 (Fig. 1C–E, case illustration e-1). Visible
EEG abnormalities during seizures were not detected in case 3 with
probable occult peri-insular epilepsy.
There were 2 patients with cerebrovascular diseases as the
probable cause of epilepsies (case 4 with old infarction and case 5
with left frontal lobe hemorrhage). During 2 out of 3 simple partial
seizures in case 4, no apparent CBFV changes were detected (Fig. e-
2, case illustration e-2). In case 5, left EEG onset and ictal
symptomatology were suggestive of left frontal onset (right leg
extension and right arm raising), but CBFV increase was greater on
the right side during 3 out of 4 episodes. Compared to case 1 and 2,
the time lags between EEG abnormalities and CBFV onset were
considerably larger (33–95 s).
The monitoring was stopped in 7 patients before an episode, as
they claimed intolerant to longer TCD monitoring (mean time,
144.1  114.4 min).2 s after EEG onset and showed interhemispheric asymmetry (44.7% increase on the
left side and 37.5% on the right side compared to baseline) (C). The CBFV
temporarily dropped to baseline followed by secondary generalized tonic-clonic
seizure (D and E). During the secondary generalized tonic-clonic seizure, CBFV
increased bilaterally and maintained throughout the episode (E).
EEG = electroencephalography, TCD = transcranial Doppler, CBFV = cerebral blood
ﬂow velocity.
Table 1
Clinical data in 5 epileptic patients with seizure episodes during monitoring.
Patient
Number
Age/sex Etiology Seizure focus
location
Seizure
focus side
Seizure frequency
per month
Anti-epileptic drug
1 50/f Cryptogenic Frontal Right 30 simple partial seizures +30
secondary generalized tonic-clonic
seizures
Clonazepam
2 21/m Gangliolioma, focal cortical
dysplasia
Temporal Left 1–2 complex partial seizures Carbamazepine, topiramate
3 24/m Cryptogenic Probably
peri-insular
Possibly
right
30 simple partial seizures +1
secondary generalized tonic-clonic
seizure
Lamotrigine
4 56/f Brain Infarction Frontal Left 300 simple partial seizures Oxcarbazepine, levetiracetam
5 42/m Arteriovenous malformation,
brain hemorrhage, post-
surgery softening lesion
Frontal Left 60–90 simple partial seizures Levetiracetam, topiramate,
valproate
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In this study, the CBFV changes during epileptic seizures were
detected by real-time TCD-vEEG monitoring. In 3 out of 5 cases,
there was a CBFV increase, preceded by EEG and with greater
ampliﬁcation on the onset side. The ﬁndings were consistent
with previous studies [7,8]. Niehaus et al. observed that the onset
of abnormal epileptic discharges in simple partial seizures was
accompanied by a rapid increase of ﬂow velocity in the ipsilateral
middle cerebral artery, but only minor changes in the contralat-
eral middle cerebral artery [7]. Similar phenomenon was
reported in another 2 patients with temporal lobe epilepsy
and complex partial seizures [8]. A possible explanation of
interhemispheric asymmetry is that early capillary dilation
elicited by neuronal activity is highly localized and then passes
in a retrograde fashion to arterioles and arteries [9]. The time lag
between EEG abnormalities and CBFV changes could be
interpreted as time needed for neurovascular coupling [1]. Such
CBFV changes may assist lateralization of seizure onset zone [8].
Interestingly, in case 3 who had probable right peri-insular
epilepsy onset judged by clinical symptoms, while EEG failed to
reveal seizure activity, the CBFV increase showed right-side
predominance.
In 2 out of 5 cases, the ﬁndings of TCD-vEEG suggested probable
deﬁcits in neurovascular coupling. Both cases had cerebrovascular
diseases. The absence of CBFV increase in case 4 could be explained
by impaired vasomotricity of stenotic middle cerebral arteries [10].
In case 5, the absence of interhemispheric asymmetry could
possibly be attributed to the destruction of local arterioles after
hemorrhage.
Our study suffered from several limitations. Firstly, the sample
of current study is fairly small and heterogeneous which prevents
further analysis. Secondly, only patients with partial epilepsies and
relatively frequent seizure episodes were recruited, which possibly
induced selection bias. A wider spectrum of epilepsy syndromes
should be investigated in the future. Finally, six patients were
excluded from the study due to poor temporal windows. It could be
assumed in elderly patients with poorer detection windows, this
yield of TCD-vEEG is limited. Also, the discomfort of the long TCD
monitoring required further technique improvement.
Nevertheless, our study suggests that TCD-vEEG is a promising
technique. Compared to traditional ictal SPECT or functional MRI,
TCD-vEEG is inexpensive, portable and has the advantage of
providing the temporal pattern of neurovascular coupling, as well
as allowing a longer monitoring period so that more patients are
eligible. Further studies are required to investigate whether thisdevice is helpful for differentiating non-epileptic seizures and
presurgical localization of onset zone.
In conclusion, it is feasible to detect neurovascular coupling in
epileptic patients by TCD-vEEG, which makes it convenient to
analyze the signals of CBFV and EEG with good temporal
correlation.
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